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ERRF sensitizes ERBB2-positive breast cancer cells to lapatinib
treatment likely by attenuating MCL1 and ERBB2 expression
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ABSTRACT
Previously we found that the estrogen receptor (ER) related factor ERRF regulates
cell proliferation and tumor growth, and its expression is positively associated with
ER status and better survival but inversely associated with ERBB2 (also named
HER2) status in breast cancer. Here we report that ERRF also plays an important role
in the response of ERBB2-positive breast cancer cells to lapatinib, a dual tyrosine
kinase inhibitor that interrupts the ERBB2 and EGFR pathway. In ERBB2-positive
breast cancer cell lines, lower levels of ERRF expression correlated with lapatinib
resistance, restoration of ERRF expression in lapatinib-resistant cell lines JIMT-1
and MDA-MB-453 enhanced their lapatinib responses, and knockdown of ERRF in
lapatinib sensitive cell lines BT-474 and SK-BR-3 caused lapatinib resistance. ERRFenhanced lapatinib sensitivity was also confirmed in xenograft tumors of JIMT-1
cells. In patients with ERBB2-positive breast cancer, higher level of ERRF expression
correlated with both pathologic complete response (pCR) to lapatinib and better
survival. Mechanistically, ERRF expression in resistant cells promoted lapatinibinduced apoptosis by attenuating MCL1 and ERBB2 expression. These results suggest
that ERRF plays an important role in lapatinib response of ERBB2-positive breast
cancer, and further study of ERRF could lead to improved prediction and sensitivity
of lapatinib response.

INTRODUCTION

ERBB2 targeted drugs [9, 10], because the crosstalk
between ER and ERBB2 can lead to endocrine therapy
resistance [11–14], while ERBB2-positive subtype
tumors can benefit from ERBB2 targeted drugs [15–19].
Unfortunately, patients usually develop resistance to
ERBB2 target therapies within several years [19–21]. One
of the targeted therapies is the Lapatinib, a dual tyrosine
kinase inhibitor that interrupts the ERBB2 and EGFR
pathway in the treatment of ERBB2 positive breast cancer,
which is used as ditosylate and orally active [22]. Lapatinib
is primarily used in patients with advanced-stage, ERBB2positive breast cancer that has stopped responding to
anthracyclines, taxanes, and herceptin [19, 23].
A number of studies have been published on the
causes of lapatinib resistance, but the mechanisms are still

The ERBB2-positive subtype of breast cancer
is characterized by gene amplification or protein
overexpression of ERBB2, a member of the human
epidermal growth factor receptor family. ERBB2 protein
is an important marker and therapeutic target for about
30% of breast cancer patients, and such patients tend to
have a shorter disease free survival and overall survival
[1–6]. In addition to the ERBB2-positive subtype of breast
cancer (ER and PR negative), the luminal B subtype is also
ERBB2 positive, but this subtype is ER and PR positive
and has different clinical characteristics and prognosis
[7, 8]. For example, the luminal B subtype cancers are
treated with endocrine therapies in combination with
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not well understood, and effective therapies remain to be
developed to overcome lapatinib resistance. For example,
higher expression levels of several genes, including
ABCG2 [24], PA2G4 [25], BECN1 [26], ATG5 [26], MCL1
[27], ER [28], MET [29, 30], SPOCK1 [31], SRC [32, 33],
HIF1A [34], DUSP2 [34], MST1R [35], MAP2K1 [36],
MAP2K2 [36], FOXM1 [36], AXL [37] and YBX1 [38],
have been shown to correlate with lapatinib resistance,
but none of them can be used as diagnostic markers and
neither have any therapeutic strategies been developed
based on these molecules.
The ER related nuclear factor ERRF (C1orf64)
was first discovered in a genome-wide sequencing study
as one of the more frequently mutated genes in breast
cancer [39, 40]. In a more detailed study [41], whereas
the mutation of ERRF was not as frequent as expected,
ERRF expression was frequently elevated in breast
cancer compared to normal tissues, ERRF expression
positively correlated with ER and PR status but negatively
correlated with ERBB2 status, and knockdown of ERRF
expression reduced tumor growth of ER and PR-positive
breast cancer cells [41]. An inverse correlation between
ERRF expression and ERBB2 status was also evident
in an expression profiling study of 2000 breast cancer
specimens [42]. It is thus possible that ERRF also plays a
role in the development of ERBB2 positive breast cancer
and its resistance to ERBB2-targeted therapies.
In this study, we evaluated the relationship between
ERRF expression and the sensitivity of breast cancer cells
to lapatinib in the context of ERBB2 signaling. We found
that ERRF expression positively correlated with lapatinib
sensitivity. In cultured cells, ectopic expression of ERRF
enhanced the effect of lapatinib on cell death of JIMT1 and MDA MB-453 cells, which expressed lower levels
of ERRF and are resistant to lapatinib, while knockdown
of ERRF compromised the effect of lapatinib on BT474 and SK-BR-3 cell lines, which were sensitive to the
drug and expressed higher levels of ERRF. The effect
of ERRF on lapatinib was also confirmed in a xenograft
model at least for the JIMT-1 cell line. We also found that
ERRF attenuated the expression of ERBB2, which likely
mediated the effect of ERRF on lapatinib sensitivity.

cell lines (Figure 1B, 1C), the latter was also a lapatinib
sensitive breast cancer cell line. Lapatinib resistant
clones had been developed from both SK-BR-3 and BT474 cell lines [44], and analysis of available genomewide expression data for these resistant cells in the GEO
database [44] indicates that ERRF mRNA expression
was dramatically downregulated in the lapatinib resistant
clones of SK-BR-3 and BT-474 cells (Figure 1D).
To further test the correlation between ERRF
expression and lapatinib sensitivity, we analyzed ERRF
expression and sensitivities of breast cancer cell lines to
ERBB2 drugs including lapatinib in a published study
[45] and the CCLE, and found that lapatinib sensitive cell
lines expressed significantly higher levels of ERRF than
lapatinib resistant cell lines (Figure 1E).
We also tested whether ERRF expression correlates
with prognosis in patients with ERBB2 positive breast
cancer using the BreastMark Coexpression analysis tool.
Interestingly, in 107 patients with known ERRF expression
and disease-free survival (DFS) statuses, higher levels of
ERRF expression significantly correlated with better DFS
(Figure 1F).

Restoration of ERRF expression sensitizes
lapatinib resistant ERBB2 positive breast cancer
cells to lapatinib
To test whether ERRF is functionally involved in
drug sensitivity, we restored ERRF expression by lentiviral
infection in JIMT-1, a lapatinib resistant, ERBB2 positive
breast cancer cell line that expressed a lower level of
ERRF (Figure 1E), and measured cell survival in both
2-D and 3-D cultures. Ectopic expression of ERRF
was confirmed by western blotting (Figure 2A). Stable
ERFF expression clearly enhanced the killing effect of
lapatinib on JIMT-1 cells in a dose dependent manner
(Figure 2B). In 3-D culture, stable ERFF expression
also decreased mammosphere formation of JIMT-1 cells
after lapatinib treatment, although ERRF had no effect on
sphere formation when lapatinib was absent (Figure 2C).
Consistent results were obtained in the MDA-MB-453
breast cancer cell line, which was also lapatinib resistant
and ERBB2 positive and expressed a lower level of ERRF
(Figure 2D–2F).

RESULTS
Induction of ERRF expression by lapatinib in
lapatinib sensitive breast cancer cell lines and
the correlation between ERRF expression and
lapatinib sensitivities and better patient survival

Knockdown of ERRF expression desensitizes
ERBB2 positive breast cancer cells to lapatinib
To further test the effect of ERRF on lapatinib
sensitivity, we used two breast cancer cell lines that were
ERBB2 positive and lapatinib sensitive [22, 46] and
expressed higher levels of ERRF (Figure 1E), i.e., SKBR-3 and BT-474. ERRF expression was knocked down
by RNAi using two independent siRNAs [41], and the
effect of knockdown was confirmed by real-time PCR
(Figure 3A). CCK-8 analysis indicates that knockdown

Analysis of the Array Express database [43] showed
that in the SK-BR-3 lapatinib-sensitive breast cancer cell
line, treatment with lapatinib caused an upregulation in
ERRF expression in a time-dependent manner (Figure 1A).
We confirmed that lapatinib-mediated ERRF upregulation
was also dose dependent in both SK-BR-3 and BT-474
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ERRF expression enhances lapatinib-mediated
apoptotic response

of ERRF expression compromised the killing effect of
lapatinib on SK-BR-3 cells in a time- (Figure 3B) and
dose-dependent manner (Figure 3C).
Similar results were obtained in BT-474 cells, where
ERRF knockdown had no effect on cells treated with
lower doses of lapatinib but significantly decreased drug
sensitivities when higher doses of lapatinib were applied
(Figure 3D). In 3-D culture, the effect was more profound,
as ERRF knockdown increased sphere formation by
several folds in lapatinib treated cells (Figure 3E). When
we silenced ERRF by different concentrations of siRNA
to simulate a range of expression levels similar to those
in lapatinib resistant cell lines (Figure 3F, 3H), cell
viability increased with increasing doses of ERRF siRNA
in lapatinib treated cells in a time dependent manner
(Figure 3G, 3I). The results from both SK-BR-3 and BT474 cell lines indicate that ERRF downregulation causes
a level of significantly reduced sensitivity to lapatinib
treatment in ERBB2 positive breast cancer cells.

Lapatinib treatment induces apoptosis [49], so
we examined the effect of ERRF on lapatinib-mediated
apoptosis by flow cytometry in lapatinib sensitive BT474 cells with the knockdown of ERRF (Figure 5A) and
lapatinib resistant JIMT-1 cells with ectopic expression
of ERRF (Figure 5D). Without lapatinib treatment,
stable overexpression or knockdown of ERRF had no
significant effect on apoptosis (Figure 5C, 5F). When
lapatinib treatment was applied, knockdown of ERRF
in BT-474 cells decreased the ratio of apoptotic cells
(annexin V stained) from 43.2% for control siRNA
to 11.1% for siRNA #1 and 23.1% for siRNA #2
(Figure 5B, 5C). In JIMT-1 cells treated with lapatinib,
the vector control had 19.7% of annexin V positive cells,
while cells overexpressing ERRF increased the ratio to
41.2% (Figure 5E, 5F). Therefore, ERRF expression
influences the apoptotic response of ERBB2 positive
breast cancer cells to lapatinib.

ERRF expression enhances lapatinib’s
therapeutic effect in a preclinical model and
correlates with improved clinical response to
lapatinib in patients

ERBB2 and MCL1 appear to mediate ERRF’s
effect on lapatinib sensitivity
Lapatinib can inhibit tyrosine kinase activity of
ERBB2/EGFR to inactivate the downstream signaling
pathway. In this study, we found no correlation between
ERRF and AKT and MAPK’s phosphorylation levels
(Supplementary Figure 1A). Using real-time PCR analysis,
we tested the expression levels of genes that have been
shown to correlate with lapatinib resistance in previous
studies (Supplementary Figure 1B), and found that MCL1
was one of the genes that were upregulated by ERRF
knockdown. Considering that ERRF enhances lapatinibinduced apoptosis (Figure 5), ERRF expression inversely
correlates with ERBB2 status [41], and MCL1 is not only
an anti-apoptotic gene that mediates lapatinib resistance
in HCT116 cells [50] but also an upstream regulator of
ERBB2 [51], we evaluated whether ERBB2 and MCL1
are related to ERRF in any way in breast cancer cells. We
queried breast cancer samples in the TCGA database for
those with expression information for both ERRF and
MCL1 (Supplementary Table 1), and found a significant
inverse correlation between ERRF and MCL1 (Figure 6A).
We further tested whether there was a relationship
between ERRF, MCL1, ERBB2 and lapatinib response.
In JIMT-1 cells with ERRF overexpression, we found
that treatment with 1 µM lapatinib for three days
downregulated both MCL-1 and ERBB2 compared to cells
without ERRF overexpression (Figure 6B). Consistently,
silencing ERRF with siRNAs in BT-474 cells treated
with lapatinib increased the expression of both MCL1 and ERBB2 when compared to the negative control
(Figure 6C, 6D). In BT-474 cells transfected with ERRF
siRNA, insensitivity to lapatinib was rescued by knocking

To test whether ERRF expression improves the
therapeutic response of ERBB2 positive breast cancer to
lapatinib, JIMT-1 cells stably expressing ERRF and the
vector control were subcutaneously injected into nude
mice, lapatinib treatment was applied subsequently, and
tumor growth was analyzed. During the 3 weeks of tumor
growth before lapatinib administration, ERRF expression
had no detectable effect on tumor volumes (Figure 4A).
After lapatinib treatment began, tumor growth in the
ERRF-overexpressing group was arrested or significantly
slowed from day 7 after lapatinib administration
(Figure 4A), but tumors in the control group kept
growing at the same rate before treatment. Tumor weights
(Figure 4B) and tumor images (Figure 4C) at excision
confirmed the effect of ERRF expression on the therapeutic
effects of lapatinib in JIMT-1 cells. Cell proliferation rate,
indicated by Ki67 IHC staining, was decreased in the
group of ERRF overexpression under lapatinib treatment
(Figure 4D).
In a phase II randomized study where drug activity
and safety were evaluated in ERBB2 positive operable
breast cancer, patients were treated with chemotherapy as
a neoadjuvant therapy and lapatinib as a targeted therapy
[47]. Analysis of available data in this study indicates that
ERRF expression was higher in patients with pathologic
complete response (pCR) than those without (Figure 4E).
In this study, ERRF was identified in the list of 50 genes
whose expression states predicted pCR in 93% of the test
tumor samples [48], suggesting that patients with ERBB2
positive breast cancer, higher ERRF expression predicts a
benefit from lapatinib treatment.
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down MCL1 (Figure 6E, 6F), further implicating MCL1 in
ERRF-mediated lapatinib sensitivity.

ERRF expression predicts the sensitivity to lapatinib in
ERBB2 positive breast cancer. This conclusion is supported
by several lines of evidence, including the upregulation of
ERRF by lapatinib in lapatinib-sensitive SK-BR-3 and BT474 breast cancer cell lines (Figure 1A–1C), downregulation
of ERRF in lapatinib-resistant clones derived from SK-BR-3
and BT-474 cells (Figure 1D) [44], and the association of
ERRF expression with lapatinib sensitivities in breast
cancer cell lines (Figure 1E) [44]. In patients with breast
cancer, although no data is currently available for correlating
ERRF expression and lapatinib sensitivities, higher levels of
ERRF expression significantly correlated with better DFS
(Figure 1F), and ERRF was among a panel of 50 genes
predicting treatment benefit from a combination of
chemotherapy and lapatinib treatment [47].
Functionally, ERRF indeed sensitizes ERBB2
positive breast cancer to the therapeutic effects of
lapatinib. This conclusion was supported by in vitro
and in vivo experiments using both lapatinib resistant

DISCUSSION
In this study, we tested whether ERRF plays a role
in the development of resistance to ERBB2-targeted
therapies in ERBB2-positive breast cancer. We evaluated
the expression of ERRF in breast cancer in publically
available databases, and correlated ERRF expression to
responses to both ERBB2-targeted therapies and patient
survival. We also tested whether ERRF functionally
modulates the responses of ERBB2-positive breast
cancer cells to the lapatinib ERBB2 inhibitor. Finally,
we explored cellular and molecular mechanisms that
underlie the effect of ERRF on lapatinib-mediated cell
killing. Results from these analyses established ERRF
as an important regulator of ERBB2 function and the
effectiveness of ERBB2-targeted therapy.

Figure 1: Lapatinib upregulates ERRF expression in SK-BR-3 and BT-474 breast cancer cell lines, and higher levels
of ERRF correlate with lapatinib sensitivities and better patient survival. (A) Illustration of ERRF expression after lapatinib
treatment (100 nM) for 12 and 24 hours in SK-BR-3 cells based on the data from the Array Express database [43]. (B, C) Lapatinib
upregulates ERRF expression in BT-474 and SK-BR-3 breast cancer cell lines, both express ERRF and respond to ERBB2 inhibition.
Lapatinib treatment was at the indicated concentrations (µM) for 48 hours, and ERRF expression was measured by real-time RT-PCR.
(D) Row signal of ERRF in SK-BR3 and BT-474 breast cancer cell lines and lapatinib resistant clones derived from them, as detected in a
microarray study in the GEO database [44]. (E) Correlation of ERRF mRNA levels with sensitivities to ERBB2 inhibition in breast cancer
cell lines, according to published information [45] and the CCLE database [58]. (F) Higher levels of ERRF expression are associated with
better prognosis in ERBB2-positive breast cancer, as determined in the BreastMark database (HR = 0.5442, p = 0.028, n = 107).
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and lapatinib sensitive cell lines with modulated ERRF
expression. In both 2-D and 3-D cell culture models,
expression of ERRF sensitizes intrinsically resistant
ERBB2 positive breast cancer cells to lapatinib
(Figure 2); and in vivo tumorigenesis assay confirmed
the effect (Figure 4). On the other hand, knockdown of
ERRF in two lapatinib-sensitive ERBB2-positive breast
cancer cell lines compromised the effect of lapatinib on
cell survival in 2-D and 3-D cultures (Figure 3), further
indicating a necessary role of ERRF in breast cancer’s
sensitivity to lapatinib.
Mechanistically, ERRF promotes lapatinib-induced
apoptosis likely by attenuating the expression of ERBB2
and its upstream regulator MCL-1. As expected, ectopic
expression of ERRF increased, while knockdown of
ERRF expression decreased, cell death induced by
lapatinib in different breast cancer cell lines (Figure 5).
Drug resistant cells usually have active anti-apoptotic
signaling, while drug sensitive cells have more active proapoptotic signaling [49, 52]. MCL1 is a member of the
anti-apoptotic BCL-2 family that is upregulated in tumors,
and its upregulation leads to drug resistance [27, 50, 53].
MCL1 has been shown to upregulate ERBB2 expression
in breast cancer cells [27]. Although the relationship
between ERBB2 expression and lapatinib resistance has
not been reported, mitochondrial ERBB2 (mtERBB2)
appears to regulate cellular metabolism and therapeutic
resistance [54]. There was a correlation between ERRF

and MCL1 expression in breast cancer (Figure 6A);
and ectopic expression of ERRF decreased while the
knockdown of ERRF increased the expression of MCL1 in
breast cancer cells (Figure 6), suggesting that ERRF could
directly downregulate MCL1 expression. Taken together
with the result that knockdown of MCL1 compromised
lapatinib resistance mediated by ERRF knockdown
(Figure 6E, 6F), it is possible that ERRF downregulates
MCL1 expression to promote apoptosis in breast cancer’s
response to lapatinib. ERRF expression decreased while its
knockdown increased ERBB2 expression in breast cancer
cells as well (Figure 6), it is also possible that ERRF loss
upregulates ERBB2 including mtERBB2 to decrease
lapatinib sensitivity. Nevertheless, how ERRF regulates
lapatinib sensitivity in breast cancer cells largely remains
unknown.
ERRF is a novel regulator of breast carcinogenesis
involved in both the ER signaling and the ERBB2
signaling. We previously reported that ERRF expression
positively correlates with ER and PR statuses but
negatively associated with ERBB2 status [41], and
knockdown of ERRF inhibits the proliferation and
tumorigenesis of ER- and PR-positive breast cancer cells
[41]. In addition, ERRF is transcriptionally regulated
by the E2-ER signaling pathway in ER/PR-positive but
ERBB2-negative breast cancer cells [55]. Our current
study demonstrated that in ERBB2-positive breast
cancer, ERRF also plays an important role, as ERRF

Figure 2: Ectopic expression of ERRF enhances lapatinib sensitivity in ERBB2-positive and lapatinib-resistant JIMT1 and MDA-MB-453 breast cancer cell lines. Lentivirus-mediated stable expression of ERRF was confirmed by western blotting
(A, D) and cell viability was determined by the CCK-8 assay (B, E) and the sphere formation assay was in matrigel or in ultralow attachment
plates (C, F). Lapatinib treatment was for 6 days at indicated concentrations in the CCK-8 assay and for 6 days at 2 µM in sphere formation
assays. *p < 0.05; **p < 0.01; ***p < 0.001; pLHCX, vector control.
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Figure 3: Knockdown of ERRF decreases lapatinib sensitivities in ERBB2-positive breast cancer cells. SK-BR-3

(A–C) and BT-474 (D–I) cell lines were used, and the knockdown effect for siRNAs (#1 and #2) was confirmed by real-time PCR
(A, F, H). The CCK-8 assay was used to detect cell viability (B, C, D, G, I), and sphere formation assay was also performed for BT-474
cells (E). Lapatinib treatments were at indicated times and doses (B, C, D). For BT-474 cells, different concentrations of siRNA were also
applied (G, I) **p < 0.01; ***p < 0.001; C, negative control.
www.impactjournals.com/oncotarget
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sensitized such cells to lapatinib treatment, and higher
levels of ERRF expression correlated with increased
lapatinib sensitivity and better patient survival. These
findings suggest that ERRF could be useful not only
in the prediction of lapatinib responses but also in the
improvement of lapatinib-based therapies of ERBB2positive breast cancer.

and propagated according to ATCC’s instructions. The
JIMT-1 cell line was kindly provided by Dr. Rita Nahta of
Emory University.
Lapatinib was purchased from LC Laboratories
(Woburn, MA), hygromycin B was from Roche (Basel,
Switzerland), and Matrigel was from BD Biosciences
(Bedford, MA).

MATERIALS AND METHODS

Retroviral expression of ERRF

Cell lines and other materials

Polymerase
chain
reaction
(PCR)
was
performed to amplify the coding region of ERRF
from genomic DNA with forward primer 5′–
GGAAGCTTATGGCCCCGTCAGAAG–3′ and reverse
primer 5′–CCATCGATCTAATCGGCCTGCCCA–3′. PCR

BT-474, SK-BR-3 and MDA-MB-453 breast cancer
cell lines and HEK293T cells were purchased from the
American Type Culture Collection (ATCC, Manassas, VA)

Figure 4: ERRF expression sensitizes xenograft breast cancer to the therapeutic effect of lapatinib and predicts
response to lapatinib in breast cancer patients. Lapatinib resistant and ERBB2-positive JIMT-1 cells expressing ERRF or vector
control (pLHCX) were injected subcutaneously into nude mice, lapatinib treatment was started at day 21, and tumor volumes (A) weights
at excision (B) and images (C) are shown. (D). Detection of Ki67 in tumor sections by IHC staining. (E) Correlation of higher levels of
ERRF expression with pathologic complete response (pCR) in patients treated with chemotherapy combined with lapatinib, as determined
using a publically available data in the GEO database. NS, not significant; *P < 0.05; **P < 0.01.
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products were digested with Hind III and Cla I, purified,
and cloned into the pLHCX vector (Clontech, Mountain
View, CA). After sequencing verification, the ERRF
plasmids or the empty vector was cotransfected with the
envelope vector VSV-G and the gal/pol expression vector
Ecopac (Clontech) into HEK293T cells (ATCC) using
the Lipofectamine 2000 reagent (Invitrogen, Carlsbad,
CA). Viruses were harvested 72 hours after transfection
and filtered with 0.45 μm filters (Millipore, Billerica,
MA). Cells infected with viruses were selected in medium
containing hygromycin B at 200 μg/ml (Roche) for
14 days before use.

added to each well, incubated for 1.5 hours, and, optical
density (OD) was measured at the 450 nm wavelength.

Apoptosis assay
Apoptosis was measured by staining cells with
Annexin V-FITC and PI. After incubation with lapatinib
for 48 hours, cells were collected, washed with cold
PBS, resuspended in 100 µL of 1 × Annexin V binding
buffer, stained with Annexin V and PI (BD Pharmingen)
by adding 5 µL of each to a tube and incubating for
15 min in the dark at room temperature, and analyzed by
flow cytometry using the FlowJo 7.6 software.

Cytotoxicity assay

Western blotting

After transfecting with control siRNA or ERRF
siRNA for 48 hours or selecting with hygromycin B for
2 weeks after viral infection, cells were dissociated with
trypsin and seeded onto 96-well plates (5000 cells per
well). After adhesion overnight, cells were incubated with
lapatinib at a range of concentrations for 4 or 6 days. The
cell counting kit-8 (CCK-8, Dojindo, Munich, Germany)
was used to measure the total cell numbers. Following
manufacturer instructions, 10 µL CCK-8 solution was

Antibodies used in this study included: ERRF
(1:1000 dilution, Sigma-Aldrich, St Louis, MO), ERBB2
(1:1000 dilution, OriGene, Rockville, MD), β-actin
(1:5000 dilution, Sigma-Aldrich), and MCL1 (1:1000
dilution, Cell Signaling Technology, Danvers, MA).
Western blotting was performed following standard
protocols using WesternBright ECL (Advansta, Menlo
Park, CA), and blots were photographed with the Image

Figure 5: ERRF enhances lapatinib-mediated apoptosis. BT-474 cells with RNAi-mediated knockdown of ERRF (A–C) and

JIMT-1 cells overexpressing ERRF (D–F) were treated with 10 µM lapatinib for 24 h, stained with annexin V, and then subjected to flow
cytometry to detect apoptotic cells. The knockdown of ERRF was confirmed by real–time PCR, while ectopic expression of ERRF was
confirmed by western blotting. C, control; #1 and #2, siRNAs against ERRF. **p < 0.01; ***p < 0.001.
www.impactjournals.com/oncotarget

36061

Oncotarget

Quant LAS 4000 luminescent image analyzer (General
Electric, Fairfield, CT). All Western blots were quantified
using the ImageJ program.

were treated with either vehicle (2% DMSO with 30%
PEG300 in water) or lapatinib (100 mg/kg ) twice daily
by oral gavage for 21 days [22]. Tumor volumes were
measured every other day, and tumors were surgically
isolated from mice and weighed at the end of tumorigenesis
experiments.

Mammosphere culture
For 2-D culture, cells were plated in ultralow
attachment plates (Corning, Corning, NY) at a density
of 5,000 viable cells/mL and grown in DMEM/F-12
medium supplemented with B27 (Invitrogen), 20 ng/mL
EGF (Promega, WI), 20 ng/mL bFGF (BD Biosciences),
and 10 µg/mL heparin (Sigma-Aldrich). For 3-D culture,
cells were seeded into 8-well glass chamber slides
containing 40 µL growth factor-reduced matrigel per well
and cultured in the same medium as in 2-D culture. The
number of spheres containing at least 15 cells was counted
under a microscope following a published procedure [56].

Immunohistochemistry
After excision, tumors were formalin-fixed, paraffinembedded, deparaffinized and rehydrated; and tissue
sections were prepared following standard procedure.
Antigen retrieval was carried out by heating in sodium
citrate buffer using a pressure cooker for 3 min at full
pressure. Sections were incubated overnight at 4°C with
Ki67 antibody (1:2000 dilution, Abcam, Cambridge,
UK) and the HRP solution (Dako, Santa Clarita, CA) for
1 hour. The DAB-chromogen (Maxim, Fuzhou, China)
was used for staining.

Tumorigenesis assay
Three to four week old female athymic BALB/c
nude mice (vitalriver Beijing, China) were used. JIMT1 cells in PBS:matrigel mixture (1:1 ratio) were injected
subcutaneously into the flanks of mice at 2 × 105 cells/ml
and 100 µL/site. Eight mice were used in each group. When
tumors reached a volume of approximately 100 mm3, mice

Bioinformatics analysis
The BreastMark Breast Cancer Survival Analysis
Tool (http://glados.ucd.ie/BreastMark/), an algorithm
that integrates gene expression and survival data from
26 datasets on 12 different microarray platforms, was used

Figure 6: ERBB2 and MCL1 are involved in ERRF mediated sensitization to lapatinib treatment. (A) Expression of ERRF

inversely correlates with that of MCL1 in breast cancer samples, as determined by the Pearson correlation analysis using data from the TCGA
database (Supplementary Table 1). (B) Overexpression of ERRF inhibits ERBB2 and MCL1 expression in the JIMT-1 ERBB2 positive
breast cancer cell line, as determined by western blotting. (C, D). Knockdown of ERRF in the BT-474 breast cancer cell line, as confirmed by
real-time PCR (C), increases ERBB2 and MCL1 expression, as determined by western blotting (D). (E, F) Knockdown of MCL1 by siRNA
transfection (50 nM) rescued decreased sensitivity of BT-474 cells to lapatinib mediated by ERRF knockdown (12.5 nM and 25 nM siRNA).
ERRF and MCL1 expression levels were examined by real-time PCR or western blotting. Con, control; #1 and #2, siRNAs against ERRF.
www.impactjournals.com/oncotarget

36062

Oncotarget

CONFLICTS OF INTEREST

to associate ERRF expression with patient survival with
known ERBB2 status. The number of samples used for
analysis depends on how many platforms have probes for
a gene of interest and the availability of relevant clinical
data [57].
We also used the Broad-Novartis Cancer Cell Line
Encyclopedia (CCLE; http://www.broadinstitute.org/
ccle/home) to evaluate ERRF expression and lapatinib
sensitivity in breast cancer cell lines. Microarray or RNASeq-based expression data was available for all genes in
this resource. We used the Gene Expression Omnibus
(GEO) Database (data set GSE51889) to compare SKBR-3 and BT-474 lapatinib resistant clones to control
untreated cancer cells.

The authors declare they have no conflicts of
interest.

FUNDING
This work was supported by grant 81472464 from
the National Natural Science Foundation of China.

REFERENCES
1. Ravdin PM, Chamness GC. The c-erbB-2 proto-oncogene
as a prognostic and predictive marker in breast cancer: a
paradigm for the development of other macromolecular
markers—a review. Gene. 1995; 159:19–27.

Statistical analysis
All experimental readings were expressed as mean
± standard errors. Differences between two groups were
determined by using the unpaired Student t-test, and
p-values less than 0.05 were considered as statistically
different.

2. Seshadri R, Firgaira FA, Horsfall DJ, McCaul K, Setlur V,
Kitchen P. Clinical significance of HER-2/neu oncogene
amplification in primary breast cancer. The South Australian
Breast Cancer Study Group. J Clin Oncol. 1993; 11:
1936–42. doi: 10.1200/JCO.1993.11.10.1936.
3. Press MF, Pike MC, Chazin VR, Hung G, Udove JA,
Markowicz M, Danyluk J, Godolphin W, Sliwkowski M,
Akita R. Her-2/neu expression in node-negative breast
cancer: direct tissue quantitation by computerized image
analysis and association of overexpression with increased
risk of recurrent disease. Cancer Res. 1993; 53:4960–70.

Novelty and impact
Development of resistance and sometimes lack
of response to ERBB2-targetted therapy constitute a
significant problem in the treatment of ERBB2-positive
breast cancer. In this study, we found that expression of
ERRF, an estrogen receptor related factor, predicted the
sensitivity of ERBB2-positive breast cancers to lapatinib,
a drug used in combination with other drugs to treat either
ERBB2-positive breast cancers that have received prior
therapy or metastatic, hormone receptor positive and
ERBB2-postive breast cancer in postmenopausal women.
Functionally, overexpression of ERRF sensitizes ERBB2positive breast cancer cells to lapatinib in both in vitro and
in vivo assays, and the underlying mechanism involved
ERRF-mediated expression change of ERBB2. These
findings implicate ERRF in the ERBB2 pathway and the
response of ERBB2-positive breast cancer to lapatinib,
and further studies in this area could lead to improved
detection and/or treatment of ERBB2-positive breast
cancer.

4. Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A,
McGuire WL. Human breast cancer: correlation of relapse
and survival with amplification of the HER-2/neu oncogene.
Science. 1987; 235:177–82.
5. Slamon DJ, Godolphin W, Jones LA, Holt JA, Wong SG,
Keith DE, Levin WJ, Stuart SG, Udove J, Ullrich A. Studies
of the HER-2/neu proto-oncogene in human breast and
ovarian cancer. Science. 1989; 244:707–12.
6. Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V,
Bajamonde A, Fleming T, Eiermann W, Wolter J,
Pegram M, Baselga J, Norton L. Use of chemotherapy plus
a monoclonal antibody against HER2 for metastatic breast
cancer that overexpresses HER2. N Engl J Med. 2001;
344:783–92. doi: 10.1056/NEJM200103153441101.
7. Garcia Fernandez A, Gimenez N, Fraile M, Gonzalez S,
Chabrera C, Torras M, Gonzalez C, Salas A, Barco I,
Cirera L, Cambra MJ, Veloso E, Pessarrodona A. Survival
and clinicopathological characteristics of breast cancer
patient according to different tumour subtypes as determined
by hormone receptor and Her2 immunohistochemistry. a
single institution survey spanning 1998 to 2010. Breast.
2012; 21:366–73. doi: 10.1016/j.breast.2012.03.004.

Authors’ contributions
LQ, RN and JTD conceived the project; LQ, BZ and
JTD designed all experiments and analyzed all data; LQ,
SZ, XC, QW, GM and AL performed experiment; LQ, BZ,
JLK and JTD prepared the manuscript.

8. Blows FM, Driver KE, Schmidt MK, Broeks A, van
Leeuwen FE, Wesseling J, Cheang MC, Gelmon K,
Nielsen TO, Blomqvist C, Heikkila P, Heikkinen T,
Nevanlinna H, et al. Subtyping of breast cancer by
immunohistochemistry to investigate a relationship between
subtype and short and long term survival: a collaborative

ACKNOWLEDGMENTS
We thank Dr. Dan Zhao, Dr. Zhengmao Zhu, Ms.
Ang Gao and Mr. Xing Fu of Nankai University for
helpful comments and assistance during the study.
www.impactjournals.com/oncotarget

36063

Oncotarget

analysis of data for 10,159 cases from 12 studies.
PLoS Med. 2010; 7:e1000279. doi: 10.1371/journal.
pmed.1000279.

17. Piccart-Gebhart MJ, Procter M, Leyland-Jones B,
Goldhirsch A, Untch M, Smith I, Gianni L, Baselga J,
Bell R, Jackisch C, Cameron D, Dowsett M, Barrios CH,
et al. Trastuzumab after adjuvant chemotherapy in HER2positive breast cancer. N Engl J Med. 2005; 353:1659–72.
doi: 10.1056/NEJMoa052306.
18. Baselga J, Bradbury I, Eidtmann H, Di Cosimo S, de
Azambuja E, Aura C, Gomez H, Dinh P, Fauria K, Van
Dooren V, Aktan G, Goldhirsch A, Chang TW, et al.
Lapatinib with trastuzumab for HER2-positive early
breast cancer (NeoALTTO): a randomised, open-label,
multicentre, phase 3 trial. Lancet. 2012; 379:633–40. doi:
10.1016/S0140–6736(11)61847–3.
19. Geyer CE, Forster J, Lindquist D, Chan S, Romieu CG,
Pienkowski T, Jagiello-Gruszfeld A, Crown J, Chan A,
Kaufman B, Skarlos D, Campone M, Davidson N, et al.
Lapatinib plus capecitabine for HER2-positive advanced
breast cancer. N Engl J Med. 2006; 355:2733–43. doi:
10.1056/NEJMoa064320.
20. Tripathy D, Slamon DJ, Cobleigh M, Arnold A,
Saleh M, Mortimer JE, Murphy M, Stewart SJ. Safety of
treatment of metastatic breast cancer with trastuzumab
beyond disease progression. J Clin Oncol. 2004; 22:
1063–70. doi: 10.1200/JCO.2004.06.557.
21. Smith I, Procter M, Gelber RD, Guillaume S,
Feyereislova A, Dowsett M, Goldhirsch A, Untch M,
Mariani G, Baselga J, Kaufmann M, Cameron D, Bell
R, et al. 2-year follow-up of trastuzumab after adjuvant
chemotherapy in HER2-positive breast cancer: a
randomised controlled trial. The Lancet. 2007; 369:29–36.
doi: 10.1016/S0140–6736(07)60028–2.
22. Rusnak DW, Lackey K, Affleck K, Wood ER, Alligood KJ,
Rhodes N, Keith BR, Murray DM, Knight WB, Mullin RJ,
Gilmer TM. The effects of the novel, reversible epidermal
growth factor receptor/ErbB-2 tyrosine kinase inhibitor,
GW2016, on the growth of human normal and tumorderived cell lines in vitro and in vivo. Mol Cancer Ther.
2001; 1:85–94.
23. Burris HA 3rd. Dual kinase inhibition in the treatment of
breast cancer: initial experience with the EGFR/ErbB-2
inhibitor lapatinib. Oncologist. 2004; 9:10–5.
24. Dai CL, Tiwari AK, Wu CP, Su XD, Wang SR, Liu DG, Ashby
CR Jr, Huang Y, Robey RW, Liang YJ, Chen LM, Shi CJ,
Ambudkar SV, et al. Lapatinib (Tykerb, GW572016) reverses
multidrug resistance in cancer cells by inhibiting the activity of
ATP-binding cassette subfamily B member 1 and G member
2. Cancer Res. 2008; 68:7905–14. doi: 10.1158/0008–5472.
CAN-08–0499.
25. Awasthi S, Ezelle H, Hassel BA, Hamburger AW. The
ErbB3-binding protein EBP1 modulates lapatinib sensitivity
in prostate cancer cells. Mol Cell Biochem. 2015; 405:
177–86. doi: 10.1007/s11010–015–2409-z.
26. Huang HL, Chen YC, Huang YC, Yang KC, Pan H, Shi SP,
Chen YJ. Lapatinib induces autophagy, apoptosis and

9. Prat A, Cheang MC, Galvan P, Nuciforo P, Pare L,
Adamo B, Munoz M, Viladot M, Press MF, Gagnon R,
Ellis C, Johnston S. Prognostic Value of Intrinsic
Subtypes in Hormone Receptor-Positive Metastatic
Breast Cancer Treated With Letrozole With or Without
Lapatinib. JAMA Oncol. 2016; 2:1287–94. doi: 10.1001/
jamaoncol.2016.0922.
10. Johnston S, Pippen J Jr, Pivot X, Lichinitser M, Sadeghi S,
Dieras V, Gomez HL, Romieu G, Manikhas A, Kenedy MJ,
Press MF, Maltzman J, Florance A, et al. Lapatinib
combined with letrozole versus letrozole and placebo as
first-line therapy for postmenopausal hormone receptorpositive metastatic breast cancer. J Clin Oncol. 2009;
27:5538–46. doi: 10.1200/JCO.2009.23.3734.
11. Gutierrez MC, Detre S, Johnston S, Mohsin SK, Shou J,
Allred DC, Schiff R, Osborne CK, Dowsett M. Molecular
changes in tamoxifen-resistant breast cancer: relationship
between estrogen receptor, HER-2, and p38 mitogenactivated protein kinase. J Clin Oncol. 2005; 23:2469–76.
doi: 10.1200/JCO.2005.01.172.
12. Knowlden JM, Hutcheson IR, Jones HE, Madden T,
Gee JM, Harper ME, Barrow D, Wakeling AE,
Nicholson RI. Elevated levels of epidermal growth factor
receptor/c-erbB2 heterodimers mediate an autocrine growth
regulatory pathway in tamoxifen-resistant MCF-7 cells.
Endocrinology. 2003; 144:1032–44. doi: 10.1210/en.2002–
220620.
13. Arpino G, Wiechmann L, Osborne CK, Schiff R. Crosstalk
between the estrogen receptor and the HER tyrosine
kinase receptor family: molecular mechanism and clinical
implications for endocrine therapy resistance. Endocr Rev.
2008; 29:217–33. doi: 10.1210/er.2006–0045.
14. Shou J, Massarweh S, Osborne CK, Wakeling AE, Ali S,
Weiss H, Schiff R. Mechanisms of tamoxifen resistance:
increased estrogen receptor-HER2/neu cross-talk in ER/
HER2-positive breast cancer. J Natl Cancer Inst. 2004; 96:
926–35.
15. Gianni L, Pienkowski T, Im YH, Roman L, Tseng LM, Liu
MC, Lluch A, Staroslawska E, de la Haba-Rodriguez J,
Im SA, Pedrini JL, Poirier B, Morandi P, et al. Efficacy
and safety of neoadjuvant pertuzumab and trastuzumab
in women with locally advanced, inflammatory, or early
HER2-positive breast cancer (NeoSphere): a randomised
multicentre, open-label, phase 2 trial. Lancet Oncol. 2012;
13:25–32. doi: 10.1016/S1470-2045(11)70336-9.
16. Romond EH, Perez EA, Bryant J, Suman VJ, Geyer CE Jr,
Davidson NE, Tan-Chiu E, Martino S, Paik S, Kaufman PA,
Swain SM, Pisansky TM, Fehrenbacher L, et al.
Trastuzumab plus adjuvant chemotherapy for operable
HER2-positive breast cancer. N Engl J Med. 2005; 353:
1673–84. doi: 10.1056/NEJMoa052122.

www.impactjournals.com/oncotarget

36064

Oncotarget

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

megakaryocytic differentiation in chronic myelogenous
leukemia K562 cells. PLoS One. 2011; 6:e29014. doi:
10.1371/journal.pone.0029014.
Martin AP, Mitchell C, Rahmani M, Nephew KP, Grant S,
Dent P. Inhibition of MCL-1 enhances lapatinib toxicity
and overcomes lapatinib resistance via BAK-dependent
autophagy. Cancer Biol Ther. 2009; 8:2084–96.
Xia W, Bacus S, Hegde P, Husain I, Strum J, Liu L,
Paulazzo G, Lyass L, Trusk P, Hill J, Harris J, Spector
NL. A model of acquired autoresistance to a potent ErbB2
tyrosine kinase inhibitor and a therapeutic strategy to
prevent its onset in breast cancer. Proc Natl Acad Sci USA.
2006; 103:7795–800. doi: 10.1073/pnas.0602468103.
Lee YY, Kim HP, Kang MJ, Cho BK, Han SW, Kim TY,
Yi EC. Phosphoproteomic analysis identifies activated
MET-axis PI3K/AKT and MAPK/ERK in lapatinibresistant cancer cell line. Exp Mol Med. 2013; 45:e64. doi:
10.1038/emm.2013.115.
Chen CT, Kim H, Liska D, Gao S, Christensen JG, Weiser MR.
MET activation mediates resistance to lapatinib inhibition of
HER2-amplified gastric cancer cells. Mol Cancer Ther. 2012;
11:660–9. doi: 10.1158/1535–7163.MCT-11–0754.
Kim HP, Han SW, Song SH, Jeong EG, Lee MY, Hwang D,
Im SA, Bang YJ, Kim TY. Testican-1-mediated epithelialmesenchymal transition signaling confers acquired
resistance to lapatinib in HER2-positive gastric cancer.
Oncogene. 2014; 33:3334–41. doi: 10.1038/onc.2013.285.
Hong YS, Kim J, Pectasides E, Fox C, Hong SW, Ma Q,
Wong GS, Peng S, Stachler MD, Thorner AR, Van
Hummelen P, Bass AJ. Src mutation induces acquired
lapatinib resistance in ERBB2-amplified human
gastroesophageal adenocarcinoma models. PLoS One.
2014; 9:e109440. doi: 10.1371/journal.pone.0109440.
Rexer BN, Ham AJ, Rinehart C, Hill S, Granja-Ingram Nde
M, Gonzalez-Angulo AM, Mills GB, Dave B, Chang JC,
Liebler DC, Arteaga CL. Phosphoproteomic mass
spectrometry profiling links Src family kinases to escape
from HER2 tyrosine kinase inhibition. Oncogene. 2011; 30:
4163–74. doi: 10.1038/onc.2011.130.
Karakashev SV, Reginato MJ. Hypoxia/HIF1alpha induces
lapatinib resistance in ERBB2-positive breast cancer cells
via regulation of DUSP2. Oncotarget. 2015; 6:1967–80.
doi: 10.18632/oncotarget.2806.
Wang Q, Quan H, Zhao J, Xie C, Wang L, Lou L. RON
confers lapatinib resistance in HER2-positive breast
cancer cells. Cancer Lett. 2013; 340:43–50. doi: 10.1016/j.
canlet.2013.06.022.
Gayle SS, Castellino RC, Buss MC, Nahta R. MEK
inhibition increases lapatinib sensitivity via modulation of
FOXM1. Curr Med Chem. 2013; 20:2486–99.
Liu L, Greger J, Shi H, Liu Y, Greshock J, Annan R,
Halsey W, Sathe GM, Martin AM, Gilmer TM. Novel
mechanism of lapatinib resistance in HER2-positive breast
tumor cells: activation of AXL. Cancer Res. 2009; 69:
6871–8. doi: 10.1158/0008–5472.CAN-08–4490.

www.impactjournals.com/oncotarget

38. Shibata T, Kan H, Murakami Y, Ureshino H, Watari K,
Kawahara A, Kage M, Hattori S, Ono M, Kuwano M.
Y-box binding protein-1 contributes to both HER2/ErbB2
expression and lapatinib sensitivity in human gastric
cancer cells. Mol Cancer Ther. 2013; 12:737–46. doi:
10.1158/1535–7163.MCT-12–1125.
39. Bardeesy N, Cheng KH, Berger JH, Chu GC, Pahler J,
Olson P, Hezel AF, Horner J, Lauwers GY, Hanahan D,
DePinho RA. Smad4 is dispensable for normal pancreas
development yet critical in progression and tumor biology
of pancreas cancer. Genes Dev. 2006; 20:3130–46. doi:
10.1101/gad.1478706.
40. Strausberg RL, Feingold EA, Grouse LH, Derge JG,
Klausner RD, Collins FS, Wagner L, Shenmen CM,
Schuler GD, Altschul SF, Zeeberg B, Buetow KH,
Schaefer CF, et al. Generation and initial analysis of more
than 15,000 full-length human and mouse cDNA sequences.
Proc Natl Acad Sci USA. 2002; 99:16899–903. doi:
10.1073/pnas.242603899.
41. Su D, Fu X, Fan S, Wu X, Wang XX, Fu L, Dong XY, Ni JJ,
Fu L, Zhu Z, Dong JT. Role of ERRF, a novel ER-related
nuclear factor, in the growth control of ER-positive human
breast cancer cells. Am J Pathol. 2012; 180:1189–201. doi:
10.1016/j.ajpath.2011.11.025.
42. Curtis C, Shah SP, Chin SF, Turashvili G, Rueda OM,
Dunning MJ, Speed D, Lynch AG, Samarajiwa S, Yuan Y,
Graf S, Ha G, Haffari G, et al. The genomic and transcriptomic
architecture of 2,000 breast tumours reveals novel subgroups.
Nature. 2012; 486:346–52. doi: 10.1038/nature10983.
43. Paroni G, Fratelli M, Gardini G, Bassano C, Flora M,
Zanetti A, Guarnaccia V, Ubezio P, Centritto F, Terao M,
Garattini E. Synergistic antitumor activity of lapatinib
and retinoids on a novel subtype of breast cancer with
coamplification of ERBB2 and RARA. Oncogene. 2012;
31:3431–43. doi: 10.1038/onc.2011.506.
44. Chen YJ, Yeh MH, Yu MC, Wei YL, Chen WS, Chen JY, Shih
CY, Tu CY, Chen CH, Hsia TC, Chien PH, Liu SH, Yu YL, et
al. Lapatinib-induced NF-kappaB activation sensitizes triplenegative breast cancer cells to proteasome inhibitors. Breast
Cancer Res. 2013; 15:R108. doi: 10.1186/bcr3575.
45. O’Brien NA, Browne BC, Chow L, Wang Y, Ginther C,
Arboleda J, Duffy MJ, Crown J, O’Donovan N, Slamon DJ.
Activated phosphoinositide 3-kinase/AKT signaling confers
resistance to trastuzumab but not lapatinib. Mol Cancer Ther.
2010; 9:1489–502. doi: 10.1158/1535–7163.MCT-09–1171.
46. Konecny GE, Pegram MD, Venkatesan N, Finn R, Yang G,
Rahmeh M, Untch M, Rusnak DW, Spehar G, Mullin RJ,
Keith BR, Gilmer TM, Berger M, et al. Activity of the dual
kinase inhibitor lapatinib (GW572016) against HER-2overexpressing and trastuzumab-treated breast cancer cells.
Cancer Res. 2006; 66:1630–9. doi: 10.1158/0008–5472.
CAN-05–1182.
47. Guarneri V, Frassoldati A, Bottini A, Cagossi K, Bisagni G,
Sarti S, Ravaioli A, Cavanna L, Giardina G, Musolino A,
Untch M, Orlando L, Artioli F, et al. Preoperative

36065

Oncotarget

chemotherapy plus trastuzumab, lapatinib, or both in
human epidermal growth factor receptor 2-positive operable
breast cancer: results of the randomized phase II CHERLOB study. J Clin Oncol. 2012; 30:1989–95. doi: 10.1200/
JCO.2011.39.0823.

cancer cells with HER2 amplification. Oncogene. 2011; 30:
4097–106. doi: 10.1038/onc.2011.111.
53. Mitchell C, Yacoub A, Hossein H, Martin AP, Bareford MD,
Eulitt P, Yang C, Nephew KP, Dent P. Inhibition of MCL1 in breast cancer cells promotes cell death in vitro and
in vivo. Cancer Biol Ther. 2010; 10:903–17. doi: 10.4161/
cbt.10.9.13273.

48. Guarneri V, Dieci MV, Frassoldati A, Maiorana A,
Ficarra G, Bettelli S, Tagliafico E, Bicciato S, Generali DG,
Cagossi K, Bisagni G, Sarti S, Musolino A, et al.
Prospective Biomarker Analysis of the Randomized CHERLOB Study Evaluating the Dual Anti-HER2 Treatment
With Trastuzumab and Lapatinib Plus Chemotherapy
as Neoadjuvant Therapy for HER2-Positive Breast
Cancer. Oncologist. 2015; 20:1001–10. doi: 10.1634/
theoncologist.2015–0138.

54. Ding Y, Liu Z, Desai S, Zhao Y, Liu H, Pannell LK, Yi H,
Wright ER, Owen LB, Dean-Colomb W, Fodstad O,
Lu J, LeDoux SP, et al. Receptor tyrosine kinase ErbB2
translocates into mitochondria and regulates cellular
metabolism. Nat Commun. 2012; 3:1271. doi: 10.1038/
ncomms2236.
55. Luo A, Su D, Zhang X, Qi L, Fu L, Dong JT. Estrogenestrogen receptor signaling suppresses the transcription of
ERRF in breast cancer cells. J Genet Genomics. 2016; 43:
565–7. doi: 10.1016/j.jgg.2016.06.003.

49. Xia W, Mullin RJ, Keith BR, Liu LH, Ma H, Rusnak DW,
Owens G, Alligood KJ, Spector NL. Anti-tumor activity
of GW572016: a dual tyrosine kinase inhibitor blocks
EGF activation of EGFR/erbB2 and downstream Erk1/2
and AKT pathways. Oncogene. 2002; 21:6255–63. doi:
10.1038/sj.onc.1205794.

56. Dontu G, Abdallah WM, Foley JM, Jackson KW,
Clarke MF, Kawamura MJ, Wicha MS. In vitro propagation
and transcriptional profiling of human mammary stem/
progenitor cells. Genes Dev. 2003; 17:1253–70. doi:
10.1101/gad.1061803.

50. Martin AP, Miller A, Emad L, Rahmani M, Walker T,
Mitchell C, Hagan MP, Park MA, Yacoub A, Fisher PB,
Grant S, Dent P. Lapatinib resistance in HCT116 cells is
mediated by elevated MCL-1 expression and decreased
BAK activation and not by ERBB receptor kinase
mutation. Mol Pharmacol. 2008; 74:807–22. doi: 10.1124/
mol.108.047365.

57. Madden SF, Clarke C, Gaule P, Aherne ST, O’Donovan N,
Clynes M, Crown J, Gallagher WM. BreastMark:
an integrated approach to mining publicly available
transcriptomic datasets relating to breast cancer outcome.
Breast Cancer Res. 2013; 15: R52. doi: 10.1186/bcr3444.

51. Bashari MH, Fan F, Vallet S, Sattler M, Arn M, LucknerMinden C, Schulze-Bergkamen H, Zornig I, Marme F,
Schneeweiss A, Cardone MH, Opferman JT, Jager D,
et al. Mcl-1 confers protection of Her2-positive breast cancer
cells to hypoxia: therapeutic implications. Breast Cancer
Res. 2016; 18:26. doi: 10.1186/s13058–016–0686–4.

58. Barretina J, Caponigro G, Stransky N, Venkatesan K,
Margolin AA, Kim S, Wilson CJ, Lehar J, Kryukov GV,
Sonkin D, Reddy A, Liu M, Murray L, et al. The Cancer
Cell Line Encyclopedia enables predictive modelling of
anticancer drug sensitivity. Nature. 2012; 483:603–7. doi:
10.1038/nature11003.

52. Tanizaki J, Okamoto I, Fumita S, Okamoto W, Nishio K,
Nakagawa K. Roles of BIM induction and survivin
downregulation in lapatinib-induced apoptosis in breast

www.impactjournals.com/oncotarget

36066

Oncotarget

